It has been suggested that evolution of a terrestrial magma ocean does not unavoidably follow a fractional crystallization scenario. Convection is able to preclude differentiation until a sharp viscosity increase occurs near some critical crystal fraction. However, this kind of crystallization and its physical and chemical consequences have not been previously studied.
INTRODUCTION
No one doubts that the Earth underwent some differentiation, but the way in which it happened and the results of this differentiation are subjects of intensive debates. The hypothesis of a terrestrial magma ocean in the early history of the Earth is an attractive way to get final or almost finaJ differentiation of the Earth in one stage. So far, differentiation of a terrestrial magma ocean was studied mostly with the help of geochemical approaches. Several models have crystal sizes remain to be solved. It is also argued that if the fractionation does not take place at the liquidus, then crystallization without differentiation proceeds further until a sharp viscosity transition occurs.
Neither the work by Tonks and Melosh [1990] nor by Solornatov and Stevenson [this issue (a)] answer the question on
what happens if the crystallization without differentiation is able to reach a large crystal fraction. Tonks and Melosh [1990] find that the rate of crystallization is fast in comparison with the percolation. They conclude that the magma can not escape from the matrix on the time scale of crystallization to 50-60% and that the magma ocean solidifies in equilibrium. However, after crystallization to 50-60% of the crystal fraction, the system unavoidably undergoes differentiation via melt percolation. In this case, the important factor is the competition between the differentiation rate and the rate of further crystallization via cooling controlled by high-viscosity convection. Moreover, the energy release upon differentiation can remelt most of the mantle, and a secondary, chemically differentiated global magma ocean can form. So, the problem of what happens if the fractional crystallization has been avoided has not been solved. Abe [1991 Abe [ , 1992 
ever, this influence can be crucial [Solomatov and Stevenson, this issue (a)]. For example, this is the factor which controls
whether or not the fractional crystallization is avoidable at all, or whether or not the sedimentation is possible at all. Another problem is that convection and differentiation in a solidlike region (beyond the critical crystal fraction) occur in a laminar regime where the entire concept of turbulent diffusion is inapplicable, and other approaches are required. Convection in the solidlike regions of a deep magma ocean is also quite different: on the magma ocean time scales it is driven not only by the heat flux from the magma ocean but mostly by the difference in slope between the critical crystal fraction temperature curve and the "wet" adiabat, as will be shown in this paper.
The present paper continues the discussion of the physics of a terrestrial magma ocean. We assume that the fractional crystallization does not take place and sedimentation is negligible, and consider consequences of. differentiation which starts only when some critical crystal fraction is reached. We develop an analytical self-consistent thermodynamical model of a multicomponent magma ocean in the melting range and place the theological transition at a critical crystal fraction. The possible range for this parameter is calculated in some simple way suggested for suspensions (see below). This turns out to be not as important as uncertainties in other parameters. The thermodynamicM model is used also to find thermodynamical parameters and temperature distribution in the convective magma ocean ("wet" adiabats).
Convection in quasi-solid and solid regions of the magma ocean is estimated. Its role in reducing of differentiation turns out to be crucial. Effects of compositional convection and remelting due to differentiation are also considered.
THERMODYNAMICS OF A MAGMA OCEAN
What is the simplest system with the help of which we can reproduce thermodynamics of the magma ocean in upper mantle? Miller et al. [1991a, b] parameterized the phase diagram of a magma ocean at small pressures with the help of an assumed solidus and liquidus and an assumed variation of the crystal fraction between these two curves. To understand basic features of more realistic systems, we consider a self-consistent model which is based on the assumption of ideality. This model uses properties of the components and predicts phase and compositional changes, and corresponding changes in multiphase thermodynamical parameters during various kinds of evolution. The upper mantle consists mainly of olivine and pyroxenes. So, we could consider a two-component ideal olivine-pyroxene system. Such a system is a sufficient approximation unless we are too close to the solidus where this system predicts steplike melting at the eutectic point. 
and the chemical potentials of the solid phases are the fol- 
R is the gas constant, T is the temperature.
In the case of the eutecticlike system, the chemical potential for each solid phase is =
In the closed system, s ni +hi =n•, i= 1,2,3
where ni is the mole fraction of the component i in the system.
Conditions of thermodynamical equilibrium require
We suppose that the thermal capacities at constant pressure are the same for liquid and solid phases of a component and that the entropy changes on melting are constants. The dependences of n• on temperature and pressure then form a system of explicit and transcendental algebraic equations.
The Gibbs free energy is written as function of pressure [Stishov, 1988] , and we assume that it is constant.
The final anMytical description of the above models consists of a simple but rather bulky system of transcendental equations, and their details will not be written here. However, it is necessary to explain which parameters are impor- The thermodynamical behavior in partially molten regions has a simple explanation. First of all, all normalized parameters are equal to I out of partially molten regions (when the system is completely solid or completely liquid).
Crystallization of a solid phase causes a steplike increase in the thermodynamical parameters. Thermal capacity, for example, increases due to release of the latent heat, thermal expansion or compressibility, due to the volume change upon melting and so on. Not the total amount of the new phase but the rate of its change with temperature or pressure is important. This is the reason for a steplike behavior at the onset of a new phase. The slope of the adiabats is correspondingly changed at these phase boundaries.
Significant qualitative and quantitative differences between the eutecticlike system and the system with a solid solution are as follows. In the first case, the system exhibits a steplike melting at the solidus (usual eutectic melting) but in the case with a solid solution the melting is continuous. The increase in the thermodynamical parameters due to the crystallization of the second phase is within one order of magnitude or so in the case of eutecticlike system but can be larger in the second case. Depending on the solid solution parameters, this increase can be arbitrary large. In the limit when the solution forming components are essentially similar, the solid solution is reduced to an effectively single component, and the entire three-component system is reduced to a simple two-component eutectic system. In Although it is hardly possible to expect an agreement between the melting curves used as adjustable parameters with real experimental melting curves, some similarity at low pressures is found for olivine and pyroxene. In the transition region (15-25 GPa), the melting curves used as adjustable parameters are much higher than the experimental melting curves of major minerals [Ohtani, 1983 The entropy changes on melting are supposed to be equal to ks per atom, as this is approximately true for simple systems [Stishov, 1988] and also for silicate minerals.
The thermal expansion at zero pressure is calculated using the known values of the Gr/ineisen parameter at zero pressure and the densities of the components at zero pressures' 3.6, 5.9, 4.1 gcm -3 for periclase, wiistite and perovskite re- From model 1 to model 3 the magnesiowiistite solidification field is extending so much that in the last model it becomes the liquidus phase at some pressure. It is an unavoidable consequence of the high melting temperature of MgO and to a lesser extent of FeO. In some melting experiments on chondrite or peridotite systems it was difficult to determine what is the first liquidus phase, perovskite or magnesioiistite [Ohtani, 1990] . So, it is possible that the magnesioiistite indeed can substitute perovskite as the first liquidus phase.
In the limit of a very "strong" phase transition, the slope of adiabats would be approxi•nately equal to the slope of the phase boundary. Together with a small difference in slope between the adiabats and the phase boundaries at high pressures, this explains why the partially molten region extends over a large depth interval, which is even larger than the interval predicted by Miller et al. [1991] .
In model 2 the solidification of the first liquidus phase be- 
Composition of Phases in the Beginning of Differentiation
The position of the boundary between the convective suspension region and the almost immobile solidlike region of packed crystals is determined by intersection between the adiabat which is the averaged temperature curve in the convective magma ocean and the temperature curve along which the crystal fraction is equal to the maximum packing crystal fraction.
The ratio between the velocity Urh of this boundary (a theological front) to the melt percolation velocity Uper½ is an important parameter that was emphasised by Tonks and

Melosh [1990]. It is clear from considering two limiting cases.
If Uper½ >> Urn, the melt escapes from the matrix to the lowviscosity region that unavoidably results in changes of the composition of the melt and finally to a strong stratification. If Up,re << Urn, the magma ocean solidifies up to some critical crystal fraction without any essential differentiation. What is going on in the region beneath the theological front, which has been solidified to the critical crystal fraction? Is it a dynamically inactive region? Can the trapped melt solidify, or it is differentiated after the solidification of the entire magma ocean to the critical crystal fraction? Certainly it undergoes differentiation. But certainly a solid state convection begins at some moment and provides further cooling and crystallization of the magma ocean. In this section we consider the competition between these two effects.
For simplicity, we ignore the heat flux from the core (which can only help the following arguments) and suppose that at the critical crystal fraction, the viscosity changes from the viscosity of a suspension (which is not so different from the viscosity of pure melt) to the viscosity of solid just near the solidus. This extreme value of the quasi-solid viscosity gives a lower bound for the intensity of the convection beyond the critical crystal fraction. We defined earlier the term theological front, which is now a sharp boundary between a quasi-liquid and a quasi-solid region, which moves up in cooling of the magma ocean. The melt fraction at this transition is still large (~ 0.6-0.7). The intersection of the averaged temperature curve with solidus will be called the soliditication front. The melt is absent at this boundary. In the low-viscosity region, the averaged temperature distribution is almost adiabatic. In the high-viscosity region (below the theological front) the temperature first follows the critical crystal fraction line which is almost parallel to the solidus. sedimentation of suspended particles in the lower region forms a differentiated layer which can be lighter than the upper layer. This is the basic mechanism of this kind of compositional convection. To estimate this effect, we note a similarity between different kinds of convection when the driving mechanism is buoyancy forces. In such a case, the important parameter is the buoyancy flux [Golitsyn, 1978] . 
